Introduction {#Sec1}
============

Porcine parvovirus (PPV) is a member of the family *Parvoviridae*, subfamily *Parvovirinae*, genus *Protoparvovirus*. The parvoviruses are small, non-enveloped, single-stranded DNA viruses. PPV is a major cause of reproductive failure in sows and is a significant cofactor in porcine post-weaning multisystemic wasting syndrome \[[@CR1]--[@CR3]\]. PPV was first isolated from pigs with fever in 1965 \[[@CR4]\]. It is commonly found in diseased pigs and is the cause of significant economic loss for the swine industry today \[[@CR1], [@CR5]--[@CR9]\]. Currently, vaccination is the primary measure for prevention of PPV. However, the costs of vaccinations are high and might lead to biological safety issues, such as recombination and mutation of viruses. Additionally, even with vaccination, PPV is widespread in swine. Although vaccination can prevent the clinical symptoms of the PPV disease, it cannot eliminate the impairment caused by PPV disease \[[@CR10], [@CR11]\]. Therefore, alternative strategies, such as drug therapies to control the PPV, should receive increased attention.

Based on early research, tharide (LiCl) is used as a drug for treatment of bipolar disorder, depression and Alzheimer's disease, and fracture healing has been observed in rodents treated with LiCl \[[@CR12]--[@CR15]\]. Recently, LiCl showed antiviral effects on cells infected with infectious bronchitis virus (IBV), an avian coronavirus, transmissible gastroenteritis virus (TGEV), and pseudorabies herpesvirus \[[@CR16]--[@CR18]\], which indicated that LiCl has potential as an antiviral drug. However, it is not known whether LiCl has an inhibitory effect on PPV. In this study, the antiviral activity of LiCl on PPV was investigated *in vitro*, and found to significantly inhibit PPV replication.

Materials and methods {#Sec2}
=====================

The virus, the cells and the drug {#Sec3}
---------------------------------

PPV was isolated from a pig farm in Guangdong Province, China. In March of 2013, a PPV with low virulence, named PPV2013, was isolated from a pool of tissues (including lung, liver and kidney) of dead foetuses from a sow experiencing reproductive losses such as mummification, stillborns and weak foetuses. This sow came from a commercial pig farm located in Guangdong Province (Southern China). ST cells were obtained from the American Type Culture Collection (ATCC) and were maintained in Dulbecco's modified Eagle medium (DMEM) (Gibco, USA) containing 10 % fetal bovine serum (FBS) at 37 °C and 5 % CO~2~. LiCl was purchased from Sigma-Aldrich (Sigma, St. Louis, MO, USA) and was prepared in DMEM at a concentration of 1 M and sterilized by passage through a 0.22-µm filter.

Cytotoxicity assay {#Sec4}
------------------

ST cells were cultured in 96-well plates (1 × 10^4^ cells per well) and grown in Dulbecco's modified Eagle medium (DMEM) with 10 % fetal bovine serum at 37 °C and 5 % CO~2~. Cytotoxicity assays were performed according to the instructions of the manufacturer for the Cell Counting Kit-8 (CCK8; Donjindo, Japan). Briefly, the ST cells in the 96-well culture plates were washed three times with PBS and were then incubated with 100 µl of LiCl in a series of concentrations (10, 20, 25, 30, 50, 80, and 100 mM) in serum-free EMEM (six wells/dilution) for 48--72 h. Mock-treated ST cells served as controls. After washing with PBS, the ST cells were incubated with medium (80 µl per well) and CCK8 solution (20 µl per well) at 37 °C for 1--4 h. The optical density (OD) was measured at a wavelength of 450 nm using a microplate reader (Bio-Rad, USA). The relative cell viability rate was determined for each concentration as (OD~450~ drug)/(OD~450~ control) × 100. LiCl concentrations below the 50 % cytostatic concentration (CC~50~) were defined as non-toxic concentrations \[[@CR19]\].

Assays for examining the effect of drug addition at different stages course of infection {#Sec5}
----------------------------------------------------------------------------------------

### Viral attachment stage {#Sec6}

To evaluate whether LiCl affects attachment of PPV to ST cells, ST cells in 24-well plates were infected with PPV (MOI = 0.1) and treated with nontoxic concentrations (0, 5, 10, 15, 20, 25, and 30 mM) of LiCl for 1 h at 4 °C, a temperature that allowed viruses to bind to the surface of cells but not enter them. After removing unbound viruses by washing with PBS, the ST cell lysates were prepared by three cycles of freezing and thawing, and the viral loads were then calculated.

### Viral entry stage {#Sec7}

To determine whether LiCl affected entry of PPV into ST cells, ST cells in 24-well plates were infected with PPV (MOI = 0.1) at 4 °C for 1 h. After removing unbound virus by washing with PBS, the ST cells were treated with nontoxic concentrations (0, 5, 10, 15, 20, 25, and 30 mM) of LiCl at 37 °C for 1 h. Subsequently, the drug was removed, and the ST cells were grown in fresh medium for 24 h. The ST cell lysates were prepared by three cycles of freezing and thawing, and the viral loads were then calculated.

### Viral replication stage {#Sec8}

To determine whether LiCl affected the replication of PPV in ST cells, ST cells in 24-well plates were infected with PPV (MOI = 0.1) at 37 °C for 1 h to allow virus entry. After removing unbound virus by washing with PBS, ST cells were treated with nontoxic concentrations (0, 5, 10, 15, 20, 25, and 30 mM) of LiCl at 37 °C for 24 h. Subsequently, the ST cell lysates were prepared by three cycles of freezing and thawing, and the viral loads were then calculated.

Assay for examining the effect of drug addition at different times after infection {#Sec9}
----------------------------------------------------------------------------------

To evaluate at which time after infection viral replication was impacted by the drug, ST cells in 24-well plates were infected with PPV (MOI = 0.1) at 37 °C for 1 h. The ST cells were then washed three times with PBS, grown in fresh medium (set as 0 h), and LiCl was added to the cells at the nontoxic concentration of 30 mM of at 0, 1, 3, 6, 9, 12, and 18 hours postinfection, which included the most drug-sensitive phase of virus replication. ST cell lysates were prepared by three cycles of freezing and thawing, and viral loads were calculated at 24 h postinfection.

### Virus titration {#Sec10}

ST cells were seeded into 96-well plates 24 h before infection. Cell lysates from the experiments were serially diluted tenfold in DMEM and were added to the ST cells in five wells. After incubation at 37 °C for 72 h, the 50 % tissue culture infectious dose (TCID~50~) was calculated by the method of Reed and Muench.

### Real-time PCR {#Sec11}

To confirm the inhibitory effects of LiCl on PPV replication, the ST cell lysates from the viral replication stage assays were subjected to real-time PCR. Total DNA was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the instructions of the manufacturer. cDNA was made using a Thermo Scientific Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific, USA). Real-time quantitative PCR, targeting the NS1 gene of PPV was carried out with the primers shown in Table [1](#Tab1){ref-type="table"}, using a 7500 Real Time PCR System (Applied Biosystems, USA) and a SYBR Select Master Mix Kit (Applied Biosystems, USA) according to the instructions of the manufacturer. The relative mRNA expression levels were calculated by the 2^−∆∆CT^ method, using GADPH as an internal control for normalization \[[@CR20]\]. The mean mRNA level of the mock-treated group was set at 1.00.Table 1Sequences of primer used for real-time PCR assays to detect gene expressionPrimer nameSequence 5′-3′PPV-FACTGGCTTCAAGATAATGCTCPPV-RTCTTTGTAGGTCTATCATTTCGAPDH-FGCAAAGACTGAACCCACTAATTTGAPDH-RTTGCCTCTGTTGTTACTTGGAGAT

### Indirect immunofluorescence assay (IFA) {#Sec12}

The IFA was performed to confirm the inhibitory effects of LiCl on PPV replication. After washing with PBS, the ST cells from the PPV replication stage assay that had been treated with nontoxic concentrations of LiCl after allowing virus entry were fixed with 4 % paraformaldehyde in PBS for 15 min and were then permeabilized with 0.2 % Triton X-100 in PBS for 10 min. After washing, the ST cells were incubated with rabbit anti-PPV antibody (1:200) for 1 h. Subsequently, rhodamine-conjugated goat anti-rabbit IgG (1:500) (Zhongshan, China) was used as secondary antibody. After washing three times with PBS, nuclear staining with 4′,6-diamidino-2-phenylindole (DAPI) was performed for reference protein expression according to instructions of the manufacturer (Invitrogen, Carlsbad, CA, USA). After washing, fluorescence was observed under a Leica DMI4000 B confocal microscope (Leica, Wetzlar, Germany).

Statistical analysis {#Sec13}
--------------------

All experiments were performed in triplicate, and the data are presented as the mean ± standard deviation (SD). Student's t-test was performed to compare sets of data. Differences with a two-tailed P-value less than 0.05 were considered significant.

Results {#Sec14}
=======

Nontoxic concentrations of LiCl {#Sec15}
-------------------------------

Cytotoxicity assays were performed according ti the instructions of the manufacturer of CCK8. The relative cell viability was above 90 % after treatment with LiCl concentrations of 10, 20, 25, and 30 mM, whereas the viability was under 50 % after treatment with LiCl concentrations of 50, 80, and 100 mM (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The cytotoxic effect of LiCl treatment on ST cells. The cells were treated with 0, 10, 20, 25, 30, 50 or 100 mM LiCl for 24 h. Relative cell viability was determined by CCK8 assay and normalized to the value of the 0 mM group (set at 100 %). Data are expressed as the mean ± S.D. of three independent experiments

It was necessary to verify that the concentration of LiCl was nontoxic to the cells to ensure that the results of the experiments were unaffected by the drug. A LiCl concentration under the 50 % cytostatic concentration (CC~50~), the concentration that inhibited the proliferation of exponentially growing cells by 50 %, was defined as a non-toxic concentration. At a concentration of 30 mM LiCl, which is below the CC~50~, value, no difference of cell morphology compared with mock-treated cells was observed (data not shown), and this concentration was therefore chosen as the maximum concentration of LiCl for the antiviral assays.

No effect on PPV attachment and entry {#Sec16}
-------------------------------------

Assays were performed to evaluate the effects of LiCl on PPV attachment to and entry into cells. For the viral attachment assays, the PPV titers of ST cells treated with 10, 20, 25, and 30 mM LiCl and mock-treated ST cells were all approximately 5 (Fig. [2](#Fig2){ref-type="fig"}A). The fact the significant differences in viral titers between drug-treated and mock-treated ST cells were not observed in viral attachment assays indicated that LiCl had no effect on the attachment of PPV to ST cells. Similarly, in the viral entry assays, the PPV titers of cells treated with 10, 20, 25, and 30 mM LiCl and mock-treated ST cells were all also approximately 5 (Fig. [2](#Fig2){ref-type="fig"}B). The fact that significant differences in viral titers between drug-treated and mock-treated ST cells were not observed in viral entry assays indicated that LiCl had no effect on the PPV entry into ST cells.Fig. 2The virus load in ST cells treated with different concentrations LiCl at different stages of the viral cycle. A. Viral titers of cells treated with the drug at the viral attachment stage. B. Viral titers of cells treated with the drug at the viral entry stage. C. Viral titers of cells treated with the drug at the viral replication stage. D. Virus load of cells treated with the drug at the viral replication stage as determined by real-time PCR (\*P \< 0.05; \*\*P \< 0.01; \*\*\*P \< 0.001)

At 4 °C, the viruses attach to cell receptors but do not enter the cell until the temperature is raised to 37 °C \[[@CR21]--[@CR23]\]. Based on these properties, this study was designed to determine whether LiCl inhibits PPV attachment and entry.

Effect on replication of PPV {#Sec17}
----------------------------

Viral replication assays were performed to evaluate the effect of LiCl on the replication of PPV in ST cells. The mean viral titers of mock-treated ST cells and cells treated with 5, 10, 15, 20, 25, and 30 mM LiCl were 5.83, 4.62, 3.58, 3.18, 2.41, and 2.09, respectively; the PPV titers decreased in a dose-dependent manner in ST cells treated with LiCl (Fig. [2](#Fig2){ref-type="fig"}C). To confirm the inhibitory effect of LiCl, a real-time PCR targeting the NS1 gene of PPV and an IFA for detection of the PPV protein load were performed. For the real-time PCR, the mean relative mRNA load of mock-treated ST cells and ST cells treated with 5, 10, 15, 20, 25, and 30 mM LiCl were 100, 75, 20, 3.33, 3.67, and 4.0 (with mock-treated cells set at 100), respectively (Fig. [2](#Fig2){ref-type="fig"}D). For the IFA, none of the drug-treated ST cells generated strong fluorescent signals 48 h after infection. The fluorescent signals declined when cells were treated with 15 mM or 30 mM LiCl. No fluorescent signals were detected for the mock-treated cells (no PPV and no drug; Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Virus load of cells treated with LiCl at the viral replication stage, determined by IFA

Inhibitory effect on PPV replication at early stages {#Sec18}
----------------------------------------------------

To determine which stage of PPV replication was affected by LiCl, the time course of PPV replication was examined after addition of the drug. After the PPVs entered the ST cells, cells were treated with 30 mM LiCl at different times postinfection. The viral titers were determined after the ST cells had grown for 24 h. In contrast to the control, the replication of the virus was significantly reduced after addition of the drug at 0, 1, 3, 6, 9 and 12 h postinfection, but no further significant reductions occurred at 14, 18, and 24 h postinfection (Fig. [4](#Fig4){ref-type="fig"}). Thus, the inhibitory effect of LiCl on PPV replication occurred primarily in the early stages.Fig. 4Time course of PPV replication in ST cells with LiCl treatment. ST cells were infected with PPV (MOI = 0.1), followed by treatment with 30 mM LiCl at the indicated time (hpi). Virus titers were determined at 24 hpi. "-" indicates that the cells that were not treated with LiCl. Values represent the mean ± standard deviation for three independent experiments. The asterisks indicate significant differences between mock-treated and drug-treated cells (\*P \< 0.05; \*\*\*P \< 0.001)

Discussion {#Sec19}
==========

A previous study demonstrated that LiCl had an antiviral effect on herpes simplex virus when used at concentrations ranging from 1 to 10 mM \[[@CR24]\]. Furthermore, LiCl at different concentrations showed antiviral effects on infection of cells by infectious bronchitis virus (IBV), an avian coronavirus, and transmissible gastroenteritis virus (TGEV). However, inhibition was not observed with influenza viruses or the virus causing encephalomyocarditis \[[@CR25]\].

In this study, the antiviral effect of LiCl occurred in the early phases of PPV replication. Treatment with LiCl concentrations up to 30 mM showed no significant toxicity to ST cells. At this concentration, no differences in cell morphology were found between LiCl-treated ST cells and mock-treated ST cells (data not shown). To investigate which phase of PPV replication was sensitive to LiCl treatment, ST cells were exposed to LiCl at several points in the viral life cycle. LiCl had no effect on PPV attachment or entry into ST cells, which demonstrated that it did not directly affect the attachment of the virus to the cell receptor or the passage of viruses into cells.

The inhibitory effect of LiCl on PPV replication occurred primarily at the early stages. After being infected with PPV at 37 °C for 1 h to allow virus entry, ST cells were treated with a series of nontoxic concentrations of LiCl. The viral load in ST cell lysates after cultivation at 37 °C for 24 h was measured to evaluate the replication of the PPV in the ST cells. Real-time PCR and IFA results clearly demonstrated that inhibition of PPV replication by LiCl was dose-dependent. Li et al. reported that PPV infection was inhibited at the attachment stage, and even after this stage, with diammonium glycyrrhizinate \[[@CR26]\]. Therefore, different drugs can inhibit the same virus by different mechanisms.

In conclusion, inhibition of PPV replication in ST cells by LiCl occurs in a dose-dependent manner in the early phase of viral replication. These results indicate that LiCl has potential as an effective anti-PPV drug. Further studies will be required to explore the mechanism of the antiviral effect of LiCl on PPV infection *in vivo*.
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